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Abstract 

This paper appraises the degree of agreement between simulated and experi- 
mental results of drain current versus drain voltage (Id - Vd). It also derives 
the impact ionization rate formula inversely by compared the simulated and ex- 
perimental dependence of the substrate ~urrent(I,,~) on the gate voltage(Vg). 
We found that : (1) for 4 - Vd characteristics, the agreement in the linear 
region was off, but overall agreement was fairly good, and (2) the simulated 
Isub - & characteristics were in fairly good agreement with the experimental 
characteristics when the modified Keldish formula Pi; = Po((E - 1.12)/1.12)" 
with n of 7 and Po of 2.8 x 10"s-' was used as the formula for the impact 
ionization rate. 

1. Introduction 

Rigorous models of the transport characteristics of electrons in bulk Si, such as the real 
band model [I], have been developped. Direct comparison of device characteristics 
of MOS device between Monte Carlo simulation results and experimental results, 
however, is rare. We think that in order to assess the status of the conventional full 
Monte Carlo simulation, including highly doped regions, it is necessary to compare 
Monte Carlo simulation results with experimental results even if some of the models 
are not sufficient rigorous. Our first aim is to appraise the degree of agreement 
between simulated and experimental results of drain current versus drain voltage 
(Id - Vd). Our second aim is to determine an impact ionization rate formula inversely 
through a comparison between simulated and experimental results of the dependence 
of the substrate current(lSub) on the gate voltage(&). 

2. Simulation method 

As a band model, a spherical band is employed, and nonparabolicity (a = 0.35eV-') 
is taken into account. The scattering mechanisms included[2] are intervalley scatter- 
ing, acoustic phonon scattering, ionized impurity scattering (Brooks-Herring formula), 
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surface roughness scattering, and impact ionization. We employed Park's model[3] 
of surface roughness scattering. This is a partial diffusive scattering model in which 
a critical parameter P, is introduced to identify the boundary between a specular 
and diffusive scattering event. The value of P, is taken to be 0.77 by Park. Various 
formulas have been proposed for the dependence of the impact ionization rate on 
the electron energy (Pi; - E dependence). Among those formulas, those proposed 
by Fischetti [I] and Thoma [4] base their claim on validity on the close agreement 

o f  simulated and experimental results of the impact ionization coefficient for bulk 
Si. However, Fischetti and Thoma have not compared the simulated and experimen- 
tally derived substrate current of MOS devices produced by impact ionization. We 
attemted, therefore, to determine Pii - E dependence inversely by comparing the 
simulated and experimentally derived Isub - Vg dependence. We assume that  Eq. 1 is 
the formula for Pii - E dependence, 

where Eth is the threshold energy for impact ionization and is assumed to be 1.12 eV. 
Then, we attempted to determine the value of n and Po to give the best fit to the 
experimental results. Ohmic contact for source and drain is modeled conventionally, 
namely, a layer of cells beneath the electrode is heavily doped and is maintained 
neutral every simulation time step. Electron-electron scattering and the degeneracy 
effect are not taken into account in the present simulation. The impurity profile of the 
device is obtained as a result of the process simulation using real process steps. The 
simulated MOS device has an LDD structure and its effective channel length is 0.6 pm. 
The maximum carrier concentration of source/drain and LDD are 2.4 x 1020crn-3 and 
1.5 x l ~ ~ ~ c r n - ~ ,  respectively. The maximum doping concentration of p-type substrate 
is 1.6 x 1 0 ' ~ c r n - ~  near the surface. 

3. Simulation results and discussion 

Figure 1 shows the impurity profile of the simulated device. Figure 2 shows the simu- 
lated and experimental results of Id - Vd characteristics. The agreement in the linear 
region and that in saturation region with V, of 5 V are off, but overall agreement is 
fairly good. Figure 3 compares the experimental and simulated Isub - Vg character- 
istics. Here, we assume that the substrate current is the electron charge times the 
simulated number of electrons produced by impact ionization divided by simulation 
time after the system reaches the steady state. The squares in Fig.3 show Isub - 
characteristics when Eq. 1, with n of 2 (the standard Keldish formula) and Po of 
7.5 x 1012, which is Tang and Hess's model [5], is employed as the formula for the 
impact ionization rate. In this case, the dependence of lsub on V, is not in agreement 
with the experimental results. Moreover, the absolute values of Isub are two orders 
larger than the experimental values. The crosses in Fig.3 show I,ub-Vg characteristics 
when Eq. 1 with n of 7 and Po of 2.8 x 10" is used as the formula for the impact 
ionization rate. In this case, it is found that the simulated dependences of ISub on Vg 
for both & of 4 V and & of 5 V are in fairly good agreement with the experimental 
results. The functional form of Isub - Vg characteristics is determined by the subtle 
balance between the increase of drain current and t,he decrease of the ratio of the 
number of high energy electrons in the channel which have enough energy to create 
electron-hole pairs by impact ionization, as the gate voltage increases. Figure 4 shows 
the dependence of the impact ionization rate on the electron energy proposed by var- 
ious groups. Among those shown in Fig.4, the present result is most closely related 
to that of Taniguchi et.al [6] . Figure 5 shows the distribution of averaged electron 
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energy in the device. We can see that the peak of the electron energy increases and 
becomes sharper as the gate voltage decreases. Figure 6 shows the comparison of 
energy distributions between (a) at the drain-LDD edge and (b) at the source-LDD 
edge in the channel. At the position (b), the energy distribution is sharp and the peak 
of the distribution is about 0.15 eV. At position (a), the energy distribution broadens 
a great deal and is tailing towards higher energy. The peak of the distribution is 
about 1.14 eV. Figure 7 compares the energy distributions under the conditions of 
V, of 1 V and V, of 5 V. Figure 8 shows the distribution of electron positions in the 
device. It shows the increase of electron number in the channel as the gate voltage 
increases. We can see that at low gate voltages, pinch off occurs, and the depleted 
region with a high electric field near the LDD edge of the drain broadens gradually 
as the gate voltage decreases. 

4. Conclusion 

We simulated the device characteristics of a real MOS device by the self consistent 
full Monte Carlo method including high doping regions and compared the simulation 
results with the experimental results. We found that (1) as for Id - Vd characteristics, 
the agreement in the linear region was off, but overall agreement was fairly good. 
(2) The simulated Isub - 5 characteristics *ere in fairly good agreement with the 
experimental characteristics when Eq. 1 with n of 7 and Po of 2.8 x 10'' s-' was used 
as the formula for the impact ionization rate. 
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Fig.7 Comparison of the encrgy distriburions under 
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Fig.4 Dependence of the impact ionization rate 
on the electron energy proposed by various groups. 
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Fig.6 Energy distributions (a) in the channel near the drain- 
LDD edge and (b) in the channel near the source-LDD edge 
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Fig.8 Distribution of electron positions in the device 




